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6 Summary

Until recently, computations of space plasma flow over a spacecraft have been

unstable for ratios of spacecraft dimension to Debye length typical of the low earth

crbit environment. We present calculations of the spacecraft/environment inter-

action based on two computer codes, MACH and POLAR.

We have developed MACH. an inside-out particle tracking code, for the purpose

of validating the physics of POLAR in regimes where there are no comprehensive

theoretical or experimental results. While the spacecraft which can be treated by

MACH are restricted to simple geometries, the methodology is more fundamental

than POLAR{. M.\CH generates self-consistent solutions within the context of

quasisteady Vlasov plasma flow and achieves Debye ratios previously unobtainable.

POLAR uses a three-dimensional finite-element representation of the vehicle

in a staggered mesh. The plasma sheath is modeled by outside-in particle tracking.

Solutions for the plasma flow, wake and vehicle charging are obtained by Vlasov-

Poisson iteration; charge stabilization techniques make the results virtually insensi-

tive to the Debye ratio. POI.ARH reproduces the Laframboise static plasma solutions

for spherical probes and fits the Makita-Kuriki probe data for spheres in a fluwing

plasma in regions where comparisons are valid.

POLAR and NL\CII solutions for the particle nd electrostatic potentiil structure

of the wake of a charged disk in a low-altitude flow are shown for Mach numbers

4, 5, and 8. We compare the results of the codes to each other and to simple

analytic approximations as part of an effort to compute the nature of the spacecraft

wake and to establish the validity of the codes.
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Computer Models of the Spacecraft Wake

I. INTRODUCTION

Enrgineercing design of spacecraft requires that COMPuter' Codes, such ais l'U.AlIt,

be developed to siniulate the spacecraft/environment interaction. In tder to t0-;t

such codes, there arc three gener'al lines of attack available: comparison w ithl

1W experiment. t2) analyticail results, and (3) other computer codes. These-

approaches are limited by thle fact that comprehiensive experimental results are not

yet available and that the interaction bett cen a spa cecraft and a flowing plasma, is

.sufficiently,, complex that no compr'ehensive exact solutions exist for conditions

lk typical of the low Ea rth orbit e'nvi ronment. As a consequence. the must effective,

tool fo - code cc rificaition is compa rison with other computer codes. As part oI

the effort involved in the devel1opm ent and verification of the P )l A It code, \, e haive

developed atn independent computer- Code, cailled MNAClI, designed to valida tr thet

ph.%sical and numerical methods of PL()lARi. MACHl is const ructed essentiallY fl-rm

in the spacecraft inte r~ction aind the formation of the wake. The 1)Utrpuse;t of this

repo rt is to discuss thet re silts ul the MIACIl and l' iiARI compu1)Lter mlodel.S 01 tht-e

spai cr'aft en rurnmn'l"t inte r'actinn aind wake.

6 lteCV'ivrd fur Irrrblic~itionr 23.1 iLll\ 197ti0
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The methodologies of POLAR and MACH are somewhat different. It is these

differences that make possible tile validation of one code by another. POLAR

IPotential of Large Spacecraft in the Aur-oral Regions) is designed as an engineer-

ing tool to compute the plasma interaction of large electrically complicated space-

craft in low Earth orbit. The essential differences between POLAR and its prede-

cessor, NASCAP (which was designed for the geosynchronous environment), are

that the effects of short Debye lengths, energetic auroral electrons, and the geo-

magnetic field, along with the formation of a supersonic ion wake, arc taken into

account. An essential constraint on POLAR is that the physical and numerical

algorithms used must allow computations to be completed in a reasonable length of

time, for example, on tile order of hours or less per- solution. To meet this con-

dition, a number of novel, but essentially untested, physical assumptions have been

incorporated into the code. ) s a consequence, the results are to be regarded as

a working model whose validity is to be tested. On tile other hand, POLAR is

.- capable of accounting for the full complexity of the three-dimensional interaction
within the context of the assumptions made.

The methodology of MACH (Mesothermal Auroral Charging) is somewhat closer

to first prnciples than POLAR. MACIH solves the same Vlasov-Poisson equations
as POLAR but under different conditions. The most important difference is that

no assumption about the sheath edge is made: the sheath and the wake are deter-

mined as the self-consistent solution to the Vlasov-P(isson equations. lowever,

the geometry of MACH is restricted to two dimensions, precluding detailed appli-

%• cation to real spacecraft. In addition, MACHI is restricted to a single Maxwellian

plasma and fixed surface potentials (that is, the surface potentials are given and

not determined as a solution to a boundary value problem). MACH pays a steep

price for its adherence to fundamentals: it is much less robust, requires a great

deal of operator attention and requires about an order of magnitude more execution

time. The MACH program is an adaptation of TDWAKE (Parker 1 ).

In describing and comparing the two codes, we look first at tile Poisson solvers.
% I MACII uses a first order successive over-relaxation method, while 'OLAII uses

more sophisticated second order finite element scheme with a conjugate gradient

solver. Both codes have passed a variety of L.aplacian (zero plasma density) and

nonflowing Poisson (nonzero plasma density, tests. These tests include the

. I.aframboise static plasma solutions for spherical probes and the Makita-Kuriki

.'- p robe data for spheres in a flowing plasma in regions where compaCisons are valid.

Piu- ie, w curcrentlv dismiss Poisson solver differcnres as a source ()f discrepan'v

in tho'se conparisons.

1. ParkL.r, I.. \V. I 76) NASA Contractor lReport No. C R - 1441,59.
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At this stage, we narrow out' study to three possible sources of discrepancy:

(1) the \'lasov solution for the number density, (2) thle methods of stabilizing the

Poisson solvers, and 13) grid resolution effects. T'he first is tile greatest physicaul

inte rest, thle sec-ond is of nume ricail origin, while thle thi rd is not fiind:trmenta I but

must be dealt with.

The two codes differ, thle most in their Vlasov solutions. Thie inside-out method

used in MIAClI is ai standard method used in spacecraft charging models. At eacuh

grid point in the problem, each trajectory is traced backwards in timle to discover

* . .

whence thie particle came, from the objet or the ambient plasma. Use of

Liouville s theorem allows thle construIction of tire distribution function at thle point

and the particle number densities fro m the first moment of tle distribution function.

The method solves the Vlasov eqlution exactlY subjct nisto ue o reiatphyl approxi-

mations, but demands an enormous number of trajectories, not hicia subject to

cumulative numerical errors, and consequently a large amount of computation time.

This method is at present too expensie for a three-dimensional code placing ak
priorn POLAth uses an approximate method that is efficient

and whose accuracy is the focal point of this comparison. For brevity, let us

assume a convergent sequence of Vlasov-1'oisson iterations. Following a Poisson ,-

iteration, the Solution is inspected for a sheath edge (nominally defined by electro-

static potential 0.49 kT/e) and outSide-in particle tracking is used to calculate

the attracted specie number density within the sheath by weighting by the time each

particle spends in each volume element. Outside the sheath, densities of attracted

particles Lire calculated from tie geometric shadow of the object. Both MACHi and

POLAR assum e Boltmann electrons, valid provided that the electron Maclh nunibet

is small, that the surface potential is sufficiently negative that electrons do not

reach the spacecraift, aind that no potentiail wells develop. Both programs talke

TD- 0 (where is the electrostatic potential) as the boundary condition at thle oter

g rid boundary and start from an initial density distribution approprite for eic flow

of a collisionless neutral gas past the spacoracft. Siuccessive oasov-oisson

iteration cycles are computed until ai converged solution is aichieved.

The aov lasov-oisson iteration process is inherenti unstable ohn the .e-'

length is less than thle grid spacing l'a rker and Sa vn.To daIte, only two te ch-

niqUes exist for treating this instil I It: lhIC Id iterative mixin g einrker nd
23

Sullivan end charge stabilizatio (ooke et oi). The latter. Mcl h ius tced III

-'..'

2. Pa rker, I_. W. i nd Sirlliviri, I. P,. I4) NAS.\ 14eport No. TN -1)--1 01. .1 0

3. Cooku, 1). l, Katz, I. , Madlell, M. .1. , lillev, 1. kt. ....... nd ftUbin, A .
the 5) A Thr e-dinesionler den ilcuaition f shuttle ( iht'ig III thle 1' ea1hit t
Space naft Iahviumnemenntl Irit tions 1 henlogv- t, (Pi o2t,
AFG l-TH{-95-00 19, .

particl speI:
patils reclclae fomte eoeri saowo th object.*-------- n . -

P()I.-kI assumeBoltzman elec.. . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . h.. . ber. -,- -a.



POLAl?, is a correction applied at each iteration; it involves a charge density ]
adjustment whenever it appears to be numerically amplified by finite grid resolu-

tion. The iterative mixing method presumably has less impact on the physics, but

this has not been conclusively demonstrated. This accuracy issue is addressed by

using both methods in MACl.

An efficient three-dimensional code must keep execution time within reason-
able bounds. In order to attain this goal, POLAR/ is typically run with nminimum

spatial resolution, so that the effects of the finite grid size is a practical con'ern

and mast be dealt with in order to develop a working model.

Our ultimate aim is to develop P)OLARH to calculate the spacecraft interaction

in a quite general way. The approach which we will present here is a bootstrap

method: begin with a restricted code (MACII) which does the fundamental physics

correctly, check it by available analytical and physical means, and then use it , s

the standard of comparison for the more general code (lOLAIM. In this report we

pre sent results from MACIH, possibly the first code to result in a satisfactor% wikt.

,ind inter.,otion model, compare them with analytical results where applicable, arid

discuss the POLAIL code in comparison with MACI. Our' conclusion v, ill be that

MACII and POLA IL represent generally accurate qualit t1vC and quantitive- models

of the spacecraft irite r, Ctlorm illd wakc. leatuCes of the sulution wvhich arc not vet

understood ilre discLussed.

A wocd about the nature of thc presentation is appropriatc During the p cpal-a -

tion of the report, the computer systzr which runs both nlodels failed. As a re-

suit, the discussion is based on two sets of computations: MA(CI t M Mch 4 and 8,

on the one hand, ind PI)LA I? nd MACII it Maci 5 on the other- the choice (if Mach

numbers aepends on the results in existence at the time of the failure. \%hile the

report could have been based on Mach 5 lone, the Mch number dependence \%as

deemed important to illustrate.

2. THE WAKE MODEL

To compute models of the spacecraft interaction, we have specialized the space-

craft in both MACL and POLAR to charged disks in flowing plasm:.s. Such a Prob-

tem in an unmagnetized plasma can be described in terms of three dimensionless

parameters (assuming that the relative orientation of the bulk velocity and the disk

normal is fixed):
.K.

p a : X a(2)

p4

%%
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1000 0. 02 4 0. 2551U
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wake model of Alpert et al 4 also for Mach 8. This figure is not at all fundamental

and has the status of a cartoon. The effect of the geometric sliridowing is to shield

the ambient plasma behind the disk, with the density being heavilv depleted IiLa r

the disk and approaching ambient in the far wake. Combined with thW dst 1Ui in

the near, wake, the density profile is expected to behaive qua lIit~tI% AlS ~Sshow in

Figure 3; a depletion required by mass conservation tieir the disk. pteatk oi kn-t-

near one (ram) sheath thickness in wake, a deep depletion doet to gvoneAtr I'll'A

ing outside the near wake region, and gradual .. pp roac-h to inriint de n it\% In utr

far wake. Figure 2c shows the effect of increas6ing the shadov ing r~idju~s to t~lie

sheath radius, a concept to be discussed in mu re de &tit in tlic folluo.. in111 r, r.pi,

Figure 2a. Geometrical S hadowing bY a D~isk at Mach 8

2, 2h. -nwtn nogit I Iotti c t ion and Wakt-e \It),I 1r 1,, ~ 1 .12,!I
\I r Fr 0 .ir vak 16 i t, .i -dinunsjonvtl nor del di-st,vt -l t . e r

i ( v. -k- In - i, gt nitvic s h-duwing b', the- dIk. U:. ''lit'~ r,~ fl

.rtlr :- tif IcIil ),teIIite s, (urS Ii I tnts- lti e .i .t-i



Figure 2c. Phenomenological Interaction and Wake Model for
High Voltage Cha-ging at Mach 5 in Which the Geometric
Shadowing is by the Sheath

AMBIENT FAR WAKE

RAM - - WAKE

Figure 3. Qualitative Model of the Ion Density Profile Along the Ham/wake Axis

The foregoing discussion leads to the conclusion that peaks in the ion density

are likely to appear in the waKe, a feature which is apparent in the solutions given

in the following paragraphs. A simple argument indicates that. if the' occur at all.

such peaks are more likely for high potentials and large Mach numbers than other-

wise. The effect of the high potential is to accelerate the ion distribution function:

with increasing velocity the ion distribution function narrows rapidly ((urevich and

J, V,,, l%1esheherkin ). The acceleration of the ramming ions into the wake can thus be

-r%', expected to lead to narrow ion structures on the order of a sheath thickness in wake.

Low potentials and low incident Mach numbers have the effect of broadening these

structures and for sufficiently low potentials ind Much numbers they certainly will

not occur.

. ,; 5. Gurevich, A. V. , and Nieshcherkin, A. 1'. ( 1981) Ion acceleration in an expanding
plasm:i, Soy. Pivs. .If[]TP, 53(No. 5) hT7
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For purposes of comparison, we show in Figure 4a a POLAR contour plot of

the electrostatic potential. This figure clearly shows the division of the potential

structure into near wake and far wake. To a first approximation, the near wake

is symmetric in ram and wake, much like the potential about a disk in a non-

flowing plasma. The far wake is a quasineutral wake similar to the geometric

shadowing of the downstream flow by the disk. The size of the near wake in corn-
parison with the far wake is an artifact of the POLARl code. The shadowing of the

ions in POLAR is due to the spacecraft oniv and not the spacecraft plus sheath;

this problem is being corrected. Intuitively, one would expect that the narrowest
part of the far wake to be about as wide as the near wake. Figure 4b shows ion

trajectories from POLA 1; it illustrates the nature of tile ion flow on both sides

of th disk, as discussed above.

Potential contours from MACHi are shoetn in Figure 4c. In contrast to the
POLAR results, the shadowing in the wake is determined by the sheath radius

rather than the disk radius. Tire lint labeled "T" is the potential i I ; the

remaining contours represent \ = 0. 25, 0.5 .... .64, 128. The ion trajectories,

which determine the charge density, have been computed for potentials above

, = 0. 25; at lower potentials, a geometrical shadowing model has been used. The

calculation was run at rather low spatial resolution, as is evident from the lengths
of the straight line segments used to represent the contours. The accuracy of the

contours in the far wake is not known at the present time; it is possible that they
will smooth out N\ith further relaxation of tihe solution. The fact that the edges of

the far wake as determined bv the k 0. 25 contour are parallel is an artifact of the

method: the boundatries of the computational mesh prevented it from expanding

further. Electron number density contours are shown for the same solution in
Figure 4d.

3. CON1PAlI.qON OF MACII A 111 SIMI'I, ANALYTICAL. MOiI,'Ls

The purpose of this section is to compare MACIl with sinple ,nlkiytica models.

The models used in ram and wake are reasonably good, while the model used ,ilong

the edge of the disk is entirely qualitative. The purpose in these comiaisons is

to est:tblish reisonable, itf inexact, basis for judging the arcur'IC% 0h tilt nouels.

The physical mnchtiisms involxed in the spaicecr;ft interaction are smexxIra

0more compltcatd than the simple models. The extent of tire agrecjnt ) ,lt lineI

in the folloi, mg pages suggests th.,t tile models pecfornm reasonahly \x.t .

-%.
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POLAR WAKE MODEL

Figure 4a. POLAR Contour Plot of the 1Llectrostcitic I'otentiAl

POLAR WAKE MODEL

F~igure 4b. POLARI Ion Tr~ijectories
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VI

MACH: POTENTIAL CONTOURSI

Figure 4c. MACH Potential Conto urs

MACH: ELECTRON DENSITY CONTOURS

F~igure 4d. MAL lectron Density Contours

Figure 5 shows the comparison of MACHL potential and number density profiles

in ramr for Mach numbers of 4 Lind 8 with analytical approximations for the saime

values. The approximation is appropriate for a one-dimensional sheath with

ramming ions. It is based on the assumption that the electron density, drops sharply

to zero at the sheath edge and that ions conserve mass inside the sheath. The

% solution of Poisson's equation is then

+r 21 1 1 '+1i1 1]1/ (3 %18I4)( -s (4)

whereI

W Ne)-Irah 11



~9
4 -2e4/(m") 2 M k  (5)

= tp!l)xa (6)

and 4 s is the location of the sheath edge, while the equation for the number densityv

is

n/n* (7

where n is the ambient ion number density. In Figure 5, the data poilits are the
values computed by MACIH while the curves are computed from Lq. 4). T1e

agreement of the values is everywhere within a few perctnt of the peak potvntil.

MACH 4: a POTENTIAL, A DENSITY

MACH 8: 0 POTENTIAL, 0 DENSITY
1 * .• 1000

6-I.

J

:,a-v

'/, m

0 04

DISTANCE 0

Figure 5. Comparison of MACH1 Potential and Ion
Number Densities in Ham for Mach 4 ind 8 With One
Dimensional Sheath Contours
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It should be emphasized that there are no iree parameters in the analYtic solutions:

for the given plasma conditions, the solutions are determined completely by thle

potential on the object and by tile requirements thait thle potential and elccfield

both vanish at the sheath edge.

Figure 6 shows the compa rison o- MA\CHI potenrtli IArld no~mbe r dcnitv profiles

.tlong the rim direction for Maclh 83 with an ana lvtic~tl app ruxina tion. Fihe rimj

direction is here defined to extend from thle disk a long ,line pe ip rdici a :r ito thr

raim -wake direction. The aipp roximation is rnot ve r\ good ind IS given'l lt -a15~

of qualitative comparison only. In this aipproxiniation. thle PotentliA is Comlpute-d

assuming that it is cylindrically symmetric around thle edge of thle disk .nd that the

ion number flux into the symmetric sheaith is determined by the ion the rmal1 spee'd

and not its bulk speed. The curves are the solutions of Poissoni'6 equation

n/n. = o /[4% +(lX)]

9A D 10)

along with a phenomenological modification Ir (r, dh fhe re d 0. 2a is th,

thickness of the disk] designed to represent the potentiail as it approaiChes 11disk 'If

finite thickness. It is seen that the potentials aire in reasonably good tg rcunfltt

within a few percent of the peak potential. Again, it is to be eniphaisi.,d tlit, .a'ide

from the construction of the model (which is onlY a crude rcpresentation, :tt he ti

there are no free parameters.

Figure 7 shows the comparison of MACH potential aind ion nuLmber dterl. ltv piro-

files on the wake axis for the same Mach numbers with an analytic solution gicr

by Alpert et al:4

2 2 2
ni = n 0expl-NI a /Z 1

here z is the distance from the disk. The ag leernent between ir rnpL t,,tion nrd ot.

georret ri shaidowing model shown is solid lines is re -, )nabl% v -d itn te t f K

region, bevond perhaps tkiee to six disk rauii. 18evt ,erhoot ~t ig~ht di.-IK d%(ii

d for- Mach 4 and t-welve Jisk radii lor '%ach 8 is likl k td riunwrik A rri;2mi, ui t), it

should be possible to cureC it by changing the niesh -ii/c. it ,,hould h(. rioted th,, ttii,

type of agreement is not expected to hold generatll V. ut IS a result (of thle t1i t tlit

the case presented can be aidequatelyV represented b ai quasinenltraLl f:k lir If

we had ass umed that thle electrions we re dense aind tne igetic . a tll o h ~ the'

1W..

N %
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MACH 4: .6 MACH 8: 0

1A

0 0
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5%

0

0 DISTANC. I0

I iga cc 7. Comparison of MctIon Numbe r I~ensity v luIng \%,ake A Xis
With Q nas inc Utrial Wake Model Reprecsenting (ieonie tri' >t .'oiet( ifort(
Mach 4 and 8. The solid IinC-S rep resent geometric shadowing b% tlit
disc. The dashed t ines rep resent gum etric s hadowing hy th, d isks
radius plus 25 percent I Mach 4) and 10 percent Malct 3

'n gt-emret riL' .Stido.. ing in theL f r %aku is Ma cli number dependent, .. ith sn,. 11cr

etl(is t h II(ig tie h Limbers.Wi this hn~ov.-ng effect m-nust be -Studied in

'v~re xte~iv~v.these re('iilt, cre s,,tisfaitorily fit by the cmpi i-Ic.,I to xmuh,-

l:ffe . C a idoving rd ius constant ' t \l 12) I

where t sis tte stpith thickness. The constant is presumablv a function if the

vehiclc p "tentidl; in the case mentioned, the value of the constant. is approximately

One -half.

15

,,. adis pls 2 perentI~l 'h 4 an 10 erc nt 1acl I
5..-



Thle discussion so tar has centered on the unalvtic comparisons % hicli it is

possible to make. The MACHl computer- model is in good agr-eement with the(

ana lv tic tests with thle exception of thle ion density in rim-. Aside from thre rimi

density, the outstanding featur-e whih does not fit ir aiyutil modelI is tire- exist -

ence of thle peak in thle ion number- densitv ins ide about three2L disk raidii ill a ake' fl

Match 8'. While we have not established tira t It IS LI genluine feaitk.re * ',',. be IICe~e this-

peaik is like lv to be r-eal based on thre disc ussion a ssocitated wkith I igui. -re ~nd
.3. ni, eak to I 10.15 tile geneLal I qualitativeU tren:Id OUtl tried OJI lier, Ill, ILtiding It,

'. . ..ppeairance closse to the disk ind at high NMach number's.

4. COM~PARISON OF MACH! AND) POLAR

To test thle l'UI.AR HCode against MACtHl, we havc runl I oLtHfu tile Sa me

conditions m-e ntionud ibove. In this section we coni pa re 11IN .. \H ic S utS with tao.1'

uf MAClI. TIhe brIief disc aSs-ion, whichi Cover's sunic uf the n. erIciscse

asbov.e, is intended to addr'e ss theil te Jecu r'acv of both miode Iss. 1-istinia tess of

icu racv are in no waLy absoIlute but repr-esent a judgment based( on Conri i;iiSon of'

the models with eahother- and with analytic aippr-oximaitions. It shouldI be nloted

a! t aill of these Compa risons acie at Mach 5 ratther than ait Macli 4 and 8.

lFig l rs 8:a and 8b Show POLA H and MACH I pcrofiles of clect rostutic putterctia I

aind ion number' density, i-espectively, in camr for. Mach 5 a long with thle Sol utions ort

L q. (4). The P'OL.A H potential is too broad anid demonstr-ates a knlown tendency of

* -I'(ILAH t inree th hath thickness by aboult One grid spacing. As nientiomn'd

eai:'Iier, this problem can pr-esumably be contr~olled rv!unning ait highIei r' esolution,

tile operational piroblem is to balance inc ra e a(c a racy against IiCc r.'SLd (Oil jil-

ta.tion time. Thre Pt )LA H densities are- essentia II v exact in comparison w itli I.q . (4)

the- NJiA tI densities ar-e soni ewhat too high, at feaitre not seen in the( Macli I a aid

sali:ts. These error-s suggest that thre eiiors in I (IAHand IMA ( I a r Lri'nt

rin tlir 0 oe r' of 10 pe reent of peak values in ra m ait the spatial r-esolat ion 51hwkli.

SI igLi e s 1a aind' b- how thle Same pr-ofiles in thre r-im dcre etion. Tilt S5< me

tendln~ v to,- iid K. c rexpans ion of' the sheath is ippa rent. The ilens it'. pr-ofiles

-do.. UI~tr.,iurss thle or-der' of 10I to 20 petrcent of mnbient wich rybe t k.ii

te:1er1-: Of mni4tLIde of thle errior' in the models it low r-esoltltiril.

1 10r saI' ion nunmber- density contours in waLke. hicometirsTilk , n

a. 1Uerhi1kfu M ic~l -) is slya 5. dseI line. NMAt ' shows the( grurv-trie

-l dalig by traisk ndeitioned hove. Thel( liftfe rine be-tweenr MAtH IInd gco-

nictrie shadlowinv Ippeavs to be UlirpflvSIil: the- MAtCH daita c r'iespirru to geOnitti

.shlilL5,ving by a 'IisK smailler- than thre actuail disk size. I1L 5\ II shro%, 5 siniila r'

-lradI.Jwrng; thle (li.pllrccement COUit( reasonaibly be inte r'pr'eteri Is Shrado%%rag Iii' tO

% .. i .'
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disk plus sheath except for the fact that only pure disk shadowing exists in PL'ClAh.

As such wk- attribute errors on the order of 10 percent to 20 Percent to both NIA( 1

and P~OLARI beyond a few% disk radii in .wake. B~oth codies shov. IL Igt. lensitV pea ks

in wake. MIAClI to t . ice ~m bient and I'( )l i to about 0. T times anbcr . 1th

figures arc surpr'ISingly' high. The MACH density peak aLppearS to be Linzlrt.l

high. W hile e hav~e irguwed that denisit. peas in ,wakc t ic likelyv to he real * tia ,c

large enhancements leave open thec poss ibil ity thait e rro r in the n. waer-, on

the order of too Percent. m)rl. luithi 'onpa)Lrisoi nd pjos-sible r ,.il tioli,I

both codes v. ill e sta blisai thc truth.

5. I)ISCLSSION

. e av comiprtd the c~isof the N.-I Il Id Pm )I. It comlputer codes foe a

,onditiuns. t\pi. f node riet to higi \alt,,ge nI' cIi' iginjg forI StellitC. in

lo . !L4 'thl ('hit. Vi. findl tuiat the( modelIs a. b" U-1 geneVA rdclrrntitaitiv.( .101

CIL ul itj t- %gre et ith the I catu ic, o)f the iriternactioi ,.hi( :4 L.k. se 5 s cepnblt to

:c..The ma ior exception is the tend-encv of the PI'mlAk %I ake to rm p r e .crt

s aow ~by the. disk rtlite r than the sheath. V.t e cite late. tlit the, r lti e _ hecks

in atn; and rimi hia no11 free pa ranreto rs aside fromi tli ,'t ruictor of the miodel 5

TheC Iglre~rent betwVeen the Codes aLnd the .. : novtt.,I ri ode 1., in th ,e c Lions ring e

I rom reasonably to remairkablc good. \% hile the agrt enikent in tho. Lar 4 akt. 11"s

one rute pa ram eter the eftective geomeCtri ieLucjdjj tri adi us * trier;:, tuj~ i.e f tile

shatdovwing is in reasonable ag reement . ith the ph ('fS0 thle iItI rueioi ldi -

tion. %%t,- have airguied that the occur reno t. of ion dens it.- periks neair the (Ii. ri, -ke5

is physically reasonable, at least for high enrough potent.i l and Mach riumbe to

Based on this analvsis, we believe that the MACH and POLAJI compute-r codes.

adequately compute the spacecraft interaction and wake str urtare. Further in.ok

is required to resolve the disagreement between 1101-AI antI MACIH on the peak ion

density near the disk in the wake.
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